Blastocystis subtype 3 (ST3) is a parasitic protist found in the digestive tract of symptomatic and asymptomatic humans around the world. While this parasite exhibits a high prevalence in the human population, its true geographic distribution and global genetic diversity are still unknown. This gap in knowledge limits the understanding of the spread mechanisms, epidemiology, and impact that this parasite has on human populations. Herein, we provided new data on the geographical distribution and genetic diversity of Blastocystis ST3 from a rural human population in Mexico. To do so, we collected and targeted the SSU-rDNA region in fecal samples from this population and further compared its genetic diversity and structure with that previously observed in populations of Blastocystis ST3 from other regions of the planet. Our analyses reveled that diversity of Blastocystis ST3 showed a high haplotype diversity and genetic structure to the world level; however, they were low in the Morelos population. The haplotype network revealed a common widespread haplotype from which the others were generated recently. Finally, our results suggested a recent expansion of the diversity of Blastocystis ST3 worldwide.
Introduction
Blastocystis (Heterokonta, Stramenopiles) is a genus comprising parasitic protists that inhabit the digestive tract of several metazoans, such as fishes, amphibians, birds, reptiles, rodents, and humans [1] [2] [3] . Blastocystis is globally distributed, showing a high rate of infection from underdeveloped to developed countries [4, 5] .
This parasite is often transmitted via the oral-fecal route to people who work directly with animals, such as those involved in intensive animal farming or industrial livestock production [6] . In humans, the signs and symptoms associated with Blastocystis infection range from diarrhea to flatulence, bloating, and abdominal discomfort [7, 8] , with the "irritable bowel syndrome" (IBS) being the most frequent clinical manifestation [8] [9] [10] [11] .
Molecular evidence based on the small subunit ribosomal RNA (SSU-rDNA) gene suggests that, at least, 17 genetic subtypes can be recognized within Blastocystis [12] . Nine of these subtypes are found in humans, with subtype 3 (ST3 hereafter) being the most common in epidemiological studies worldwide [12] [13] [14] [15] [16] [17] [18] . ST3 has been regarded to trigger IBS in humans [8] , and recent research also suggests an association between this subtype and colorectal cancer [19] . Other studies, however, suggest a lack of association between the ST3 and some type of symptomatology in humans [7, 20] . While Blastocystis ST3 has medical importance and high prevalence in humans, the real magnitude of its genetic diversity and geographical distribution remains so far unknown [5, 17] . Apparently, the ST3 exhibits a broader geographical distribution and higher genetic diversity than other genetic subtypes of Blastocystis [16, 21] , but this hypothesis still needs to be tested using genetic data and clinical cases from both well-studied and undersampled geographical areas. In this context, there are very few geographical and genetic data on Blastocystis ST3 from Mexico.
Herein, we aimed to provide new data on the geographical distribution and genetic diversity of Blastocystis ST3 from a rural and asymptomatic human population in Mexico. To do so, we collected and targeted the SSU-rDNA region in fecal samples from this population and further compared its genetic diversity and structure with those previously observed in populations of Blastocystis ST3 from other regions of the planet. Based on the abovementioned guidelines, our study only used samples from volunteers, who were respectively informed about the objectives of this research, the potential risks (if any), and the sampling procedures. We obtained an informed consent letter from all the participants.
Materials and Methods

Sampling and Analysis.
Between May and November 2015, fecal samples were collected from 182 volunteers (86 males and 96 females) from Puente de Ixtla in the community of Xoxocotla, State of Morelos (Mexico), ranging in age from 2 to 51 years old. The asymptomatic status was defined according to the ROME III criteria. Three fecal samples were collected from each volunteer on three consecutive days. The samples were maintained at 4 ∘ C and transported to the laboratory in Mexico City on the same day of collection. A subsample of each fecal sample was smeared, stained with 4% Lugol's iodine solution, and examined under a light microscope at 10x and 40x magnifications [22] .
Amplification and
Sequencing of SSU-rDNA. DNA was extracted from fresh fecal samples using QIAamp DNA stool kit (QIAGEN, Hilden, Germany) and following the manufacturer's instructions. PCR protocol targeting the SSUrDNA was conducted according to Scicluna et al. [23] . In brief, we used a total mixture of 20 l : 20 M of primers RD5 (5 -ATC TGG TTG ATC CTG CCAG T-3 ) and BhRDr (5 -GAG CTT TTT AAC TGC AAC AAC G-3 ) [23] , as well as 0.025 U of polymerase (AmpliTaq Platinum Polymerase, Invitrogen). To verify the presence of a single band and the size of the amplified products (approximately 600 bp), the PCR products were separated by electrophoresis in agarose gel (1.5%) in the presence of ethidium bromide, visualized by ultraviolet transillumination, and photographed. The amplification product of a 600 bp fragment of the Blastocystis SSU-rDNA was purified and sequenced using a dideoxynucleotide-terminal method. Sequencing was carried out in a capillary sequencer (ABI-Avant 100, University of Washington). The sequences obtained were edited and/or analyzed with BioEdit, MEGA 5.0 software [24, 25] , and ad hoc scripts from Python. These sequences were compared to sequences available in GenBank, employing BLAST to establish their identity. The final sequences were deposited in GenBank under accession numbers MF539962-MF540015.
Global Genetic Diversity and Haplotype Network for
Blastocystis ST3. We investigated the global genetic diversity (i.e., Latin America, Europe, and Asia) within Blastocystis ST3 using the novel SSU-rDNA sequences reported in the present study and those previously reported within the literature. We provided an exhaustive list of the latter sequences ( = 169) and sources in the Supplementary Material (available here). We investigated the following descriptive statistics of genetic diversity using the software DnaSP ver. 5.10.01 [26] : number of segregating sites ( ), number of haplotypes (ℎ), haplotype diversity (Hd), and nucleotide diversity ( ) for each set of sequences according to their geographical region of origin. We built a global haplotype network using TCS network inference method [27] implemented in the PopART program ver. 1.7 (http://popart.otago.ac.nz/downloads.shtml) to investigate the global genealogical relationship between the different haplotypes of Blastocystis ST3. We also ran Tajima's test in the software DnaSP [26] to investigate possible events of global population expansion on Blastocystis ST3. We finally estimated pairwise ST statistics in the software Arlequin ver. 3.11 (http://cmpg.unibe.ch/software/arlequin3) to investigate whether the geographical populations of Blastocystis ST3 were genetically structured. (Figure 1) . Further PCR and sequencing procedures successfully confirmed the presence of three different Blastocystis subtypes in 72 of the 148 positive samples collected in Morelos. These three Blastocystis subtypes (ST) were recorded according to the following frequencies: Blastocystis ST1, 9.7% ( = 7 samples); ST2, 15.3% ( = 11 samples); and ST3, 75% ( = 54 samples) (Figure 2 ).
Results
Frequency of Blastocystis ST3 in Morelos
Genetic Diversity of ST3 and Haplotype Network.
Genetic diversity indices revealed a total of 44 segregating sites ( ) and 20 haplotypes (ℎ), as well as a total haplotype diversity (Hd) of 0.563 and nucleotide diversity ( ) of 0.019. Tajima's test provided values ranging between −1.303 and −2.363 (Table 1) . A pairwise st analysis revealed that there is very low genetic differentiation between all geographical populations of Blastocystis ST3 ( Table 2) .
The number of haplotypes ranged from 3 to 15 between human populations, the number of segregating sites ranged between 1 and 35, haplotype diversity ranged between 0.142 and 0.740, and nucleotide diversity ranged between 0.001 and 0.045 (Table 1 ). The ST3 genetic diversity of Latin American populations (except Morelos's population) and Eurasia exhibited the highest values of genetic diversity indices in contrast to Morelos's population, where low haplotype diversity (three haplotypes) was detected ( Table 1) .
The haplotype network showed the haplotype distribution of the ST3 (Figure 3 ). In general, the worldwide haplotype network evidenced large levels of diversity, with a total of 20 haplotypes, and haplotype 1 was the dominant. The network showed a star topology radial distribution (Figure 3) . Also, haplotype 1 was the most frequently found in Morelos's population and this haplotype is commonly distributed in American populations.
Discussion
In the present study, we analyzed the frequency and distribution of Blastocystis subtypes in an asymptomatic rural population. The results revealed a great frequency of Blastocystis [20, 28, 29] . Recent studies in South America have described similar frequency of Blastocystis in the human population (21% to 67%) [30] [31] [32] . Around the world, Blastocystis exhibits a frequency range of 0.5% to 62% [4] . The higher prevalence of Blastocystis has been linked to hygiene factors including the consumption of food/water contaminated with Blastocystis and exposure to domestic and peridomestic animals infected too with this parasite [4, 33] . Many years ago, Blastocystis was considered as saprophytic yeast of the digestive tract, innocuous for the host [34] . Nowadays, we can observe that this parasite is widely distributed in the human population in the world and it is similarly distributed in symptomatic and asymptomatic individuals. For instance, Morelos's population (Mexico) showed a high infection frequency of Blastocystis although the participants were asymptomatic, suggesting tolerance to this parasite, as reported elsewhere [20, 35, 36] .
Blastocystis has a high worldwide genetic diversity, represented by 17 subtypes (ST1-ST17) [5] . It is possible that there are other subtypes capable of infecting humans and other vertebrates [4, 5] . Regarding the distribution of subtypes in the present study, ST1 (9.7%), ST2 (15.3%), and ST3 (75%) were identified among 72 human isolates successfully genotyped. Globally, Blastocystis ST3 is the most prevalent subtype in humans found in different geographic areas [5, 37] . In our study, the frequency of ST3 was 75%, high compared to other populations of Mexico as the state of Michoacan, where the frequency of this subtype was 21%, and in Mexico City it was 42% [38, 39] .
In Latin America, the frequency of ST3 is high [4, 37] , with the following frequencies reported for Blastocystis ST3 in this political region: 14% in Colombia, 36% in Brazil, 84% in Ecuador, 30% in Bolivia, 92% in Peru, and 63% in Argentina [40] . While ST3 is amply distributed worldwide, it is more prevalent in Latin America [37] , which opens the possibility that this subtype was generated in this geographic area and spread to the rest of the continents. To improve our knowledge on the magnitude of the genetic diversity of Blastocystis ST3 on the planet, we analyzed sequences of Mexico City, South America, France, Switzerland, Italy, Nepal, and Iraq and the sequences obtained in the present study (169 total sequences, 54 from Morelos and 115 from the NCBI database). The genetic parameters calculated for these sequences suggested a recent population increase or directional/purifying selection. These results are supported by the haplotype network, which showed a star topology with the haplotypes distributed in a radial way supporting inferences of a recent geographical expansion in Blastocystis BioMed Research International 5 ST3. This behavior is similar to reporting by other parasites, such as Plasmodium falciparum [41] .
A total of 20 haplotypes were found on all sequences analyzed. Haplotype 1 was the most abundant and widely distributed, being detected in the majority of the studied countries, mainly in Latin America. These results are showing that haplotype 1 is perhaps an ancestral type from which all the other haplotypes have been generated recently. Haplotype 1 probably originated in Latin America and has recently colonized other regions of the world, probably via human migration [42] .
In some studies, it has been observed that this subtype has been strongly related to rural populations [8, 43] . It is possible to hypothesize that the migration phenomenon [42] occurs mainly from the displacement of these rural communities infected with Blastocystis ST3 haplotype 1 spreading this parasite into the cities. Already in large cities, the transmission of Blastocystis ST3 haplotype 1 could happen from one person to another [43] . In addition, due to the opening of political borders between developed countries, this process of travelassociated infection is common, because travelers may act as carriers of this parasite [44] .
Also, it is possible that the other haplotypes of Blastocystis ST3 could be colonizing different areas promoted by the human migratory phenomenon. This idea would explain the high representation of certain haplotypes throughout the American continent and others in European countries. For example, seven sequences of haplotype 9 correspond to South America and only one corresponds to Europe (Switzerland).
However, to test both hypotheses, it will be necessary to have a larger number of sequences and complete genomes from around the world. It is known that migration causes mobility of parasites and it is important to have information of other sociodemographic parameters of the host as the nationality or antecedents of previous travels to endemic areas [45] . In addition, the distribution of Blastocystis could be related to the lack of symptoms that occurs in many cases, because asymptomatic Blastocystis infections are not treated and therefore there are a large number of carriers of this parasite. It is known that these factors can influence the distribution of parasites [42, 46] .
With respect to Morelos, all the sequences of Blastocystis ST3 were grouped into three haplotypes, which means that there is a low genetic diversity, a reduced rate of mutations, and little genetic differentiation; this suggests isolation and homogeneity in the population.
Conclusions
To our knowledge, this is the first study analyzing the haplotype diversity and distribution of Blastocystis ST3 subtypes in different human populations. In addition, our work facilitates the vision of a global distribution in Blastocystis ST3. We provide evidence of a recent expansion of this subtype that may be related to the migration of humans to other regions of the world. However, it is necessary to continue studying this parasite, in order to generate a more complete knowledge that allows us to know the course of Blastocystis infection, its epidemiology, and the causal factors that contribute to its dispersion dynamics and distribution.
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